Reconsideration of Evaluation of Balance Voltages
During a Normal Zone Propagation in the LHD Helical Coils
I. INTRODUCTION

S
UPERCONDUCTING helical coils of the Large Helical Device (LHD) [1] are pool-cooled magnets, the conductor of which consists of NbTi/Cu strands, a pure aluminum stabilizer, and a copper sheath to attain the high cryogenic stability and the necessary mechanical strength [2] . One-side propagation and recovery of normal zones were observed more than a few times in the helical coils, which are named H1 and H2 coils [3] . In order to lower the shut-off voltage and to change the position of the coil current center, each the coil is divided into three blocks, which are named H-I, H-M , and H-O from the inside, as shown in Fig. 1 . When a normal zone propagates, balance voltages between H1 and H2 are induced in all the blocks because of a shift of current center in the conductor from the superconducting wires to a pure aluminum stabilizer at the normal zone. The cross-sectional position of the conductor in which the normal zone propagates can be estimated from the difference among the balance voltages of the blocks. In the previous study, the conductor positions were estimated at the first or last turn in the third and fourth layers of the H-I under the assumption that the resistive voltage is proportional to the normal zone length [4] . This assumption is not precise because the transient high resistance is induced by the slow current diffusion into the thick stabilizer. Therefore, we have reconsidered the method to estimate the position of the normal zone propagation.
II. BALANCE VOLTAGE
A. Balance Voltage by Propagation of a Normal Zone
Each pair of the blocks in H1 and H2 coils is connected in series to each power supply, as shown in Fig. 2 . The balance voltage is the terminal voltage of H1 coil minus that of H2 coil for each block. They are acquired by a sampling rate of 50 Hz with the low-pass filter of 10 Hz. The three blocks are strongly coupled magnetically. In the case of conductor motions by electromagnetic force, positive voltage is induced in all the three blocks because the coil inductance is enlarged. The highest voltage is induced in the block that contains the moved conductor [4] .
When a normal zone propagates, the transport current diffuses into the aluminum stabilizer from the superconducting wires. An inductance change occurs by the geometrical shift of the current (see Fig. 1 ). Since no mechanical work is induced in this case, it is equivalent to adding a new current circuit, k, that is made of the shifted current at the normal zone, as shown in Fig. 3 . The effect of the current shift on the coil voltage is expressed as the change of mutual inductance between the added circuit and each the coil block. The inductive voltage by the change of transport current is canceled in the balance voltage. When a normal zone propagates in the H-I block, the induced balance voltages of j block, e j , are given by
where e j , I j , M jk , and V R are the balance voltage, transport current, mutual inductance between the j block and the additional circuit k, and voltage drop due to the resistance of the normal zone, respectively. Since the mutual inductance is the magnetic flux per current across the circuit, the change of the mutual inductance due to the propagation is given bẏ
where S k , B j are the area of the current shift and the magnetic field density by j block across the area, respectively. From (1) and (3), V R is given by
When I I = I M , α is given by B M /B I , which is the ratio of magnetic field by H-M to that by H-I, Its maximum and minimum values for each turn in H-I are shown in Table I .
B. Voltage Drop During Propagation of a Normal-Zone
When a normal zone is induced at the currents slightly higher than the minimum propagating current, it propagates to one side, which is downstream of the transport current, with recovery at the opposite side [6] . The asymmetric propagation is caused by the electromagnetic interaction between the transfer current and the external magnetic field [7] - [10] . The voltage drop at a normal zone of the conductor was examined in conductor samples and a model coil of the helical coil [6] . At the front of a normal zone, high resistance is induced by slow current diffusion into the stabilizer [11] - [14] , and it decreases to the constant value as shown in Fig. 4(a) . Its time constant in the model coil is 0.059 s, which is half of the characteristic time of the current diffusion into the pure aluminum stabilizer [5] , [11] . On the other hand, the primary time constant in recovery, in which the current diffuses from the stabilizer to the superconducting strands, is four times longer than that in propagation according to the theory [5] . In order to fit the experiments, another longer time constant in the order of 1 s is needed. It should be caused by ac losses in the strands. The resistive voltage per unit length, ΔV P in propagation and ΔV C in recovery are fitted by
+0.39e
−t /0.24
where V 0 is the saturated voltage per unit length after the current diffuses into the stabilizer sufficiently. In the case of the helical coil, they are estimated at 7.20 and 8.18 mV/m at 11.2 and 12.0 kA, respectively. t is time after starting propagation, and t is time after starting recovery. The first term in (6) corresponds to rapid current diffusion from the copper sheath and the higher order current diffusion from the stabilizer. The second and third terms in (6) correspond to the primary current diffusion from the stabilizer and ac losses in the strands, respectively. In the cases of one-side propagation, the recovery starts before the current deeply diffuses into the stabilizer. When the duration of propagation, t r , is shorter, the second term in (6) should be smaller because of the shallower current diffusion depth. On the other hand, the third term in (6) should be independent, because the current diffusion depth in the stabilizer should not affect the ac losses in the strands. As shown in Fig. 4(b) , the resistive voltage can be fitted by
+C 2 e −(t−tr )/2τ +0.03e
where τ is the primary time constant of current diffusion into the stabilizer.
C. Propagation Velocity
In order to detect the longitudinal position of a propagating normal zone as well as its cross-sectional position in the helical coil, pick-up coils are settled near the helical coils, as shown in Fig. 1 , by the pitch of 30 degrees of the poloidal angle at the right or left side alternately [5] . The pick-up coils detect the alteration of magnetic field by current transfer between the strands and the stabilizer in a normal zone. In order to cancel the effect from the transport current, the output of each pick-up coil on the H1 coil minus that on the H2 coil at the opposite toroidal angle is monitored.
The propagation velocity, u can be estimated from the delay time when the voltage at each pick-up coil is the highest. Their outputs at the 14th and 15th propagations are shown in Fig. 5(a) and (b) , respectively. In both the cases, normal zones were induced at the bottom position, which is near 270 degrees of the poloidal angle, θ. They propagated to only the downstream side of the transport current. u is the fastest at the inside, where the magnetic field is the highest, as shown in Fig. 6 . From the estimated velocities by the pitch of 60 degrees, the propagation velocities can be fitted by cosine functions, which are 9.1 − 1.6 cos(θ − 23) (m/s) for 11.30 kA and 8.4 − 1.9 cos(θ − 11) (m/s) for −11.08 kA.
III. CALCULATION OF BALANCE VOLTAGE
The resistive voltage by the propagating normal zone can be calculated by using (7) and the propagation velocity, u, as
for a constant u. In reality, numerical analyses are needed, because u depends on x. Since the balance voltages of H-M and H-O are induced inductively, their decay time constants in recovery are equal to the time constant of current diffusion from the stabilizer to the strands, which is given by 4τ [5] . It is 0.47 s in both the 14th and 15th propagations, as shown in Figs. 7(a) and 8(a). The resistive voltages can be calculated from (4) or (9) with a fitting parameters of α or t r . Fig. 7(b) shows the calculated results from (4) with α = 0.7, 0.8, and 0.9 as well as the results from (9) with t r = 0.10 and 0.12 s for the 14th propagation. Fig. 8(b) shows the results for the 15th propagation. In comparison of the calculated results by the two equations, α should be 0.7, which means that the normal zone propagated in the first layer in H-I (see Table I ). It is in good agreement with the evaluated position from the measured data with pickup coils [5] . Since the waveform of V R at recovery should be similar in all cases, the appropriate value of α in (4) can be determined by itself. As the results, most of the normal zones should have propagated in the first layer of H-I block, where the magnetic field is the highest. The voltages calculated from (9) are higher when the propagation velocity is faster. However, their waveforms are different in the time from that calculated from (4). In actual fact, t r should depend on the position. Considering the deterioration of cooling condition by accumulation of bubbles at the bottom [15] , the following equation is assumed:
The agreement is improved by using (10), as shown in Figs. 7(b) and 8(b) . The remaining difference is considered to be caused by the fitting errors of u and t r with a simple cosine or sine function. They should be varied more complicatedly.
IV. CONCLUSION
A propagating normal zone induces balance voltages in all the three blocks of the LHD helical coil, because the current center is shifted at the normal zone. Its resistive voltage can be estimated from the difference between the balance voltages by assuming the position of the conductor in which the normal zone propagates. The resistive voltage can be also calculated from the propagation velocity and the transient resistance measured with the model coil by assuming the duration of propagation. By comparing the resistive voltages calculated by the two methods, it is possible to verify that most of normal zones should have propagated in the first layer of H-I block, where the magnetic field is the highest. This result is in good agreement with the evaluation of the measurement with pickup coils along the helical coils. In addition, the differences of the two calculated voltages suggest that the duration of propagation is longer at the bottom and shorter at the top of the coil, which is consistent with the facts that most of normal zones were induced at the bottom and stopped at the top.
